We examine the ricochet and penetration behavior in sand, water and gelatin by steel spheres, 7.62 mm APM2 and 25 mm projectiles. A threshold impact angle (critical angle) exists beyond which ricochet cannot occur. The Autodyn simulation code with the smooth particle hydrodynamic (SPH) method and Impetus Afea Solver with the corpuscular model are used and the results are compared with experimental and analytical results. The resistance force in sand for spheres was proportional to a term quadratic in velocity plus a term linear in velocity. The drag coefficient for the quadratic term was 0.65. The Autodyn and Impetus Afea codes simulate too large penetration due to the lack of a linear velocity resistance force. Critical ricochet angles were consistent with analytical results in the literature. In ballistic gelatin at velocities of 50-850 m/s a drag coefficient of 0.30 fits the high speed camera recordings if a linear velocity resistance term is included. However, only a quadratic velocity resistance force with drag coefficient that varies with the Reynolds number also fits the measurements. The simulation of a sphere in water with Autodyn showed too large drag coefficient. The 7.62 mm APM2 core simulations in sand fit reasonable well for both codes. The 25 mm projectile ricochet simulations in sand show consistency with the high speed camera recordings. Computer time was reduced by one to two orders of magnitudes when applying the Impetus Afea Solver compared to Autodyn code due to the use of the graphics processing units (GPU).
Introduction
Ricochet occurs when the final velocity vector of the center of mass of a projectile is oriented away from the target and is associated with small impact angles or high obliquity (obliquity is defined as the angle between the normal surface vector and the velocity vector of the center of mass of the projectile). The ricochet angle and the ricochet velocity are dependent on the impact velocity, obliquity angle, yaw, mass of the projectile, geometry, moment of inertia and target properties. A threshold impact angle (critical angle) exists beyond which ricochet cannot occur. However, the relationship between critical impact angle, projectile nose shape, amount of water, mineralogy and impact velocity is still not fully understood [1] .
Sand
Sand grain failure in front of the projectile may be an important energy dissipation mechanism in sand. Very fine white powder is observed in the wake of the projectile due to the pulverization in front of the projectile. It has been estimated that 8% of the energy of the projectile was consumed in pulverization of the individual sand particles in hypersonic sand penetration experiments [2] . The yield point during compressing of aggregate sand can be correlated to the initiation of particle failure [3] . When sand is under loading it undergoes a change in shape and compressibility. The volume decreases due to changes in grain arrangements where microscopic interlocking with frictional forces between interacting particles lead to bending of flat grains and rolling of rounded particles. If the load is further increased, the grains eventually become crushed. High pressure compression tests have revealed different types of damage mechanisms, (a) single abrasion fracture, (b) multiple abrasion fractures, (c) major splitting of particles into two or more particles, (d) breakage of sub particles, (e) pulverization of particles into many small pieces. However, under high rate compressive loading, the only mode of failure observed was pulverization, Parab et al. [4] . At very low velocities frictional resistance exceeds hydrodynamic resistance. At projectile velocities above the speed of sound in the sand, particles may lock up instead of flowing locally. However, lock up of particles may depend on the density. The difference in response for high and low velocity is related to the timescale required for relaxation of force chain structures. A comprehensive review of the response of granular media to rapid penetration was recently published by Omidvar et al. [5] .
Modeling
Modeling by discrete element methods may require extensive material parameters at high strain rates, large strain, and high pressure. Use of simple analytical models is thus for some cases a viable alternative. When the deformation of the projectile is negligible the rigid body assumption can be applied. For linear projectile trajectories Robins [6] and Euler [7] assumed that for sand the force was a constant. Poncelet [8] set the force equal to a constant plus a term proportional to the square of the velocity. Resal [9] set the force proportional to the velocity plus a term proportional to the square of the velocity. Forrestal and Luk [10] applied a force that was a constant plus a term proportional to the square of the velocity based on the cavity expansion theory. Agreement within 19% was shown when comparing with experimental results. Allen et al. [11] developed a model where an abrupt transition in drag force occurs at the critical velocity, of about 100 m/s, believed to be due to transition from inelastic to quasi-elastic impacts. Projectiles with nose cone angles from 180 to 90°were stable. For penetration problems with relative large obliquity, yaw or pitch, nonlinear motion is expected and the projectile may even reverse its motion toward the target surface (ricochet). However, even for very small yaw, or obliquity, instability may occur and the trajectory becomes curved. Soliman et al. [12] studied many years ago spherical projectile ricochet in water and sand theoretically and experimentally. For water and sand it was found that the ricochet angle was around 20% larger than the impact angle. Bernard et al. [13] show that the trajectory went from linear to curved when the impact velocity was increased from 427 to 512 m/s for 3.7°obliquity. Above 30°o bliquity the trajectory was curved and the projectile might move towards the target surface when the projectile's slenderness ratio L/D (length to the diameter of the projectile) was reduced. Projectiles with nose cone angles less than 90°b ecome progressively more unstable with decreasing cone angle. For sand it was found that the critical angle decreases with increasing velocity but a cut-off angle was found.
Daneshi and Johnson [14, 15] , studied ricochet of spherical and dumb-bell shaped projectiles in sand and found that the volume of sand displaced from the crater was proportional to the initial momentum of the projectile. Bai and Johnson [16] examined the effect of projectile speed and medium resistance on ricochet in sand. Johnson et al. [17] examined the effect of high velocity oblique impact and ricochet of mainly long rod projectiles. Savvatteev et al. [18] examined high-speed (up to 4000 m/s) penetration into sand. Full melting of the steel bullets occurs at the velocity of 1800-2000 m/s. Anderson et al. [19] studied the flow field center migration during vertical and oblique impacts. Reducing the friction between grains and projectile increases stability [20] . Bless et al. [21] found that a hemi spherical nose gave less resistance and that projectiles were stabilized by fins. Nishida et al. [22] examined the effect of sand density and projectile diameter on critical incident angles of projectiles impacting granular media. The critical reverse velocity is the velocity where the projectile starts to move back to the surface of the target. Li and Flores-Johnson [23] investigated the trajectory in soil penetration by implementing a resistance function based on the cavity expansion theory into ABAQUS code. It was found that the critical reverse velocity decreases with increasing obliquity and that tumbling of the projectile increases with the ratio Lc/L, where Lc is the distance from the nose of the projectile to the center of mass and L is the length. Ye et al. [24] studied the influence of projectile rotation on the oblique penetration in granular media. See Johnson et al. [17] for a review of high velocity oblique and impact ricochet. Impacts on gelatin show significantly different displacement fields compared to sand [25] . See also Wen et al. [26] for impact of steel spheres in gelatin at moderate velocities.
Rigorous hydrocode calculations can offer insight into the physics of ricochet. Numerical models have increasingly been used in analysis of projectile penetration into soils and granular materials due to the inherent complexity of the problem. Soil or sand can be considered as a three phase medium consisting mainly of solid grains, with portions of water and air. Moxnes et al. [27] proposed a continuum MO-granular model where parameters are constructed by using a quasi-static unilateral compression test, and validated by using a high-speed piston (up to 300 m/s) impacting a granular pyrotechnic bed. The piston and the tube were made of lexan, which made it possible to record the piston position and the compaction wave propagating in front, by using a high-speed camera. The experimental recordings were compared to numerical simulations, using the explicit numerical code Autodyn-2D, and a new constitutive material model for the porous material. The models apply a hydrostatic compaction curve as a function of the density, a model for the yield stress as a function of pressure and elastic modulus as a function of density. The model does not include any strain rate dependency of yield stress. This is an assumption that may be good as long as the strain rate is above 10 3 /s [28] . For a review of stress-strain behavior of sand at high strain rates, see Omidvar et al. [29] . Laine and Sandvik [30] derived quasi static tri-axial material parameters for dry sand using the MO-granular continuum model implemented in Autodyn. The model applies when soil packing density is sufficient high and hence the particle-particle contacts are semi-permanent. We agree with Grujicic et al. [31] that this is the widely used soil model in military communities and it has been widely used for shock simulation involving dry sand within the Autodyn community with quite decent results, e.g. for determining blast load from buried mines [32, 33] . However, the model also has been used in civil applications such as road side safety [34] . The model provides a good compromise between the inclusion of essential physical phenomena reflecting material response under dynamic loading and computational simplicity [31] .
The elastic unloading wave in sand travels faster than the plastic compaction wave, which leads to fast attenuation and energy absorption of the propagating wave. Recently Laine and Larsen [35] presented a model where the elastic bulk modulus is both a function of the density and pressure. This modification captures more properly the non-linear behavior seen in tri-axial test data during unloading. The modification results in a more accurate shock wave propagation and attenuation in dry sand. The parameters of Laine and Sandvik [30] were developed essentially for dry sand, and it has to be modified by moisture content. The dry sand material parameters underpredict the magnitude of transferred impulse at high levels of moisture (roughly above 10%) due to too high compressibility of sand that promotes energy dissipating through irreversible compaction of the sand, and lack of consideration of the reduction of the yield stress due to moisture induced inter-particle lubrication effects. Recently Grujicic et al. [31, 36] developed a modified version of the Moxnes et al. [27] model with the Laine and Sandvik [30] parameters to account for moisture content. The essential changes are that the compaction curve, yield stress and the elastic modulus are parameterized by the degree of water saturation. A somewhat improved agreement with the experimental results was obtained. For three phase models, see Wang et al. [37] , Grujicic et al. [31, 36] , and Zakrisson et al. [38] . Tong and Tuan [39] used a visco-plastic model with the Drucker-Prager yield criterion for the solid phase along with the capacity of incorporating damage. Higgins et al. [40] developed a model for high strain rate based on the concepts of critical-state soil mechanics.
Although, it is most common to model heterogeneous materials such as sand or powder as a continuum, in so doing the heterogeneous nature of the material and grain interaction are lost. With the continued development of massive computer architectures and parallel processing techniques, sufficiently large domains and high resolution simulations of these heterogeneous materials are feasible such that each grain is assigned material properties. See Andò et al. [41] for recent attempts to track discrete particles and [20, 42, 43] for a study on two and three dimensional meso-scale simulations.
Deshpande et al. [44] developed a constitutive model, based on the approach proposed by Bagnold [45] , for high-rate deformation of an aggregate of monosized rigid spherical particles (corpuscles) that collide and interact by damping and friction. Those particles are not necessarily of the same size as the sand particles. This discrete theory focus on the response of a loose aggregate, particular relevant to ejecta from shallow-buried explosives and the loading structures by high velocity spray of low density soil. The corpuscular approach for sand was further developed by Børvik et al. [46] by combining with an earlier developed corpuscular approach for gases [47, 48] . Anderson et al. [49] provided a comprehensive review of the literature related to mine blast and also performed a series of mine blast loading experiments that provide data for numerical simulations and validations of constitutive models. Johnson et al. [50] presented a hybrid particle-finite element algorithm for high velocity impact. Børvik et al. [51] examined the penetration of granular materials by small-arms bullets. The corpuscular approach was used for the sand. A random disturbance was introduced due to the numerical particle stacking. Good agreement with experimental results was achieved.
In section 2 we study experimental and simulation results in sand, gelatin, and water; both during penetration and ricochet. Section 3 concludes. Fig. 1 shows the particle distribution of two different sand types. The Nammo and Børvik et al. [51] sand have much the same distribution. The sand used by Laine and Sandvik [30] is similar we believe. In the Autodyn simulation we use the MO-granular model with the Laine and Sandvik [30] parameters. In Impetus Afea Solver we use the parameters of Børvik et al. [51] and the corpuscular theory. The sand bed sizes are identical in Autodyn and Impetus Afea Solver simulations.
Penetration and ricochet in sand by spheres and 7.62 APM2 projectiles

Sand
Numerically
The projectiles are assumed to be rigid, while the target is modeled using smooth particle hydrodynamics (SPH) in Autodyn. In Impetus Afea Solver we, in addition to the rigid model, also use an elastic model of the projectiles. The target is modeled by the corpuscular theory. All simulations in Impetus Afea Solver are run in full 3D, while in Autodyn 3D with half symmetry is chosen.
Sphere
A steel sphere of radius a = 0.6 cm is shot into sand at the impact velocity of 850 m/s and zero obliquity. The density of the sand is 1.82 g/cm 3 . The simulations use a bed size of 25 cm × 4.8 cm × 4.8 cm. Particle size is 0.1 cm. The maximum penetration distance was recorded to be 18 cm [18] . Fig. 2 shows the simulated position vs time. Both the Autodyn and the Impetus Afea Solver simulate a somewhat too large penetration position, and the velocity is not zero at the Fig. 1 . The remaining mass fraction of the sand as a function of the sieve size. penetration distance of 18 cm. We apply an analytical model which gives that the sphere stops at some distance. The resistance force is assumed to be proportional to a sum of a quadratic and linear term in the velocity [9] , to read
ρ is the density of sand, a is the radius of the sphere, and C d is the drag coefficient. v c is a parameter with the unit of velocity while τ is a parameter with dimension time. A is the projected area of the sphere. The solution of Eq. (1) can be written [52] 
It is easily verified that the maximum penetration length
Without the linear resistance term an infinite maximum penetration length is achieved. Interestingly, this solution without the linear velocity resistance term fits to the Autodyn solution for all times when C d =1 1 . . We fit the solution in Eq. (2) to τ and C d (or v c) such that the maximum penetration length is 18 cm and thus in agreement with the experiments (Fig. 2) . But no unique solution exists for the two parameters. However, Savvatteev et al. [18] also applied impact velocities of 1300 m/s and 1580 m/s without significant deformation or melting of the sphere. The maximum penetration length was 22 cm and 24 cm respectively. Using these results we find that τ = × − 5 65 10 4 . s and C d = 0 65
. fits well to the three shooting velocities. However, a problem with the solution is that only at infinite time does the solution reach the maximum penetration length. By adding a small resistance term of γ = −500 2 m s on the right hand side of Eq. (1) [11] , the solution is approximately the same but reaches the final penetration length in finite time.
Impetus Afea Solver results in penetrations larger than in Autodyn (Fig. 2) . Applying elastic or a rigid model for the sphere does not influence the results significantly. When increasing particle number from 1 million (baseline) to 5 million the simulated position increases. The position is significantly reduced when applying friction (μ) between the sphere and the sand, and fits the Autodyn result without friction. In a newly developed sand model a cap is introduced in the Impetus Afea Solver (Appendix B). Here the friction force between the sand particles saturates at high contact forces. We apply the baseline parameters μ η s s = = 0 8 0 008 . , . , and μ = 0 2 . (Fig. 2) . We define the effective drag coefficient by
Thus the effective drag coefficient is increasing with decreasing velocity. Fig. 3 shows the different drag coefficients. Autodyn has larger drag coefficient than Impetus Afea Solver and the drag is almost equal to the drag coefficient in Impetus Afea Solver applying a friction coefficient of 0.5 between the sphere and the sand. The analytical model in Eq. (2) shows that the effective drag coefficient increases with decreasing velocity. However, since the velocity of the sphere decreases very fast, the drag coefficient at larger times does not influence the velocity very much (Fig. 4 ). Fig. 5 shows the simulations in Autodyn for the steel sphere. It is notable that to simulate the drag the width of the sand bed does not need to be very much larger than the sphere. However, to simulate the correct sand cavity (which is not an issue here) the width of the bed has to be much larger. Larger bed increases the computer time. By applying pressure in front of the sphere of p v K = + 1 2 2 ρ , it can be shown that the critical ricochet angle is [16] θ ρ ρ ρ
where ρ s = is the density of the sphere. It is easily verified that the term with the acceleration of gravity g is negligible. We set K equal to the flow stress in sand that depends on the hydrodynamic pressure 1 2 2 ρv . For the velocity of 850 m/s the hydrodynamic pressure is 3.6 × 10 8 Pa. Thus the flow stress K is 226 MPa (Appendix A). Inserting into Eq. (5) gives the critical angle of 14°for the steel sphere of density ρ = 7 8 3 . g cm . For water K = 0, ρ =1 0 3 . g cm , and we achieve 6°critical angle. Figs. 6 and 7 show the result for two different impact angles. The results are consistent with the analytical model in Eq. (5) .
As a further test on the numerical simulations and the analytical model we numerically shot the sphere into water. The results are consistent with the analytical theory as seen in Figs. 8 and 9 . However, a closer examination of the drag coefficient, addressed later in this article, shows that Autodyn simulates too large drag coefficient.
We shot a steel sphere of radius a = 0.25 cm into ballistic gelatin that had the mass fraction of 90% water and 10% gelatin. The density was 1.02 g/cm 3 . The simulation bed is cylindrical with diameter 2.5 cm and length 20 cm. The SPH particle size in the bed is 0.5 mm.
Gelatin has been modeled as an elastic plastic material with yield strength of Y [Pa] = 2.2 × 10 5 + 1.9 × 10 4 ε p where ε p is the effective plastic strain [26] . However, the strength is small compared to the overall hydrodynamic pressure and we neglect it together with any strain rate dependency. Fig. 10 shows the position vs time for three different impact velocities. A resistance force quadratic in velocity with constant drag coefficient does not fit to the experiments (results not shown). However, if we use the linear term resistance velocity Fig. 10 . However, the viscosity of gelatin is much larger than for water and thus the Reynolds number is much smaller for the same velocity. The Reynolds number is Re va = ρ η , where η is the viscosity. In the range 10 3 -3 × 10 5 the drag coefficient of a sphere in a fluid is known to be 0.47. The drag coefficient of a sphere is 0.2 when the Reynolds number is larger than 3 × 10 5 . We set that v = 850 m/s, a = 0.25 cm, ρ =1 0 3 . g cm , and η = − 10 3 Pa s for water. This gives Re = 2 × 10 7 in water, and a constant drag coefficient of 0.2 is to be expected. However, the viscosity of gelatin may be more like honey or ketchup say 0.1-10 Pa s as our suggestion (https://en.wikipedia.org/wiki/Viscosity). We use that the drag coefficient is dependent of the Reynolds number [53] and set that C C Re C va
= ( )= ( ) ρ η . Next we solve Eq. (1) numerically with τ = infinite. The viscosity η is chosen to match the measurements. We find that η = 0 5
. Pa s gives a good fit to the experiments as seen by the numerical solution in Figs. 10. Fig. 11 shows the velocity vs time. We see that the camera recordings span the velocity range of 50-884 m/s. Fig. 12 shows the effective drag coefficient in gelatin. The Autodyn simulates too large drag coefficient both for the SPH and an Eulerian grid in the target when applying a water model as a substitute. This may suggest that even for gelatin, that shows much lower Reynolds number than water, a turbulence Fig. 7 . Penetration of a steel sphere of radius a = 0.6 cm in sand. Impact velocity is 850 m/s and impact angle is 15°(Autodyn). Fig. 8 . Ricochet of a steel sphere of radius a = 0.6 cm in water. Impact velocity is 850 m/s and impact angle is 5°(Autodyn). Fig. 9 . Penetration of a steel sphere of radius a = 0.6 cm in water. Impact velocity is 850 m/s and impact angle is 10°. model is needed to reduce drag. Adding strain or strain rate dependency to the constitutive equation will increase the drag coefficients even more. We believe. However, the model and solver to be used in Autodyn to simulate the correct drag in water and in ballistic gelatin is uncertain. Fig. 13shows the experimental results for the sphere and the cavity in gelatin. The experimental sphere is 2.7 cm ahead of the simulated sphere when using SPH and the water model as a model for gelatin. When using the Eulerian grid for gelatin the Fig. 10 . Position vs time for a steel sphere of radius a = 0.25 cm penetrating into gelatin at different impact velocities. Exp shows high speed camera measurements. Num. is the numerical solution with the drag coefficient varying with the Reynolds number. 
7.62 mm APM2
7.62 mm APM2 projectiles have been fired into sand by Børvik et al. [51] . The density of the sand was 1.73 g/cm 3 . In the Autodyn simulation the sand bed is cylindrical with diameter 15 cm and length 30 cm. SPH particle size is 1.82 mm. We only model the hard core and not the jacket of the projectile as in Børvik et al. [51] . Fig. 14 shows the different simulation results together with the experimental results [51] . The Autodyn simulation fits very well. The reason may be that the resistance force due to the quadratic velocity dominates over the linear velocity resistance force due to the tumbling of the projectile. Thus effect of the linear resistance term may be much less significant than for the sphere. The elastic simulation in Impetus Afea Solver gives too large penetration distance. The rigid model fits better but still the penetration distance is too large. If we increase the penetration factor in the code by a factor of 100 (a numerical factor f related to resistance forces between boundaries) the penetration distance is closer to the results by Børvik et al. [51] . Fig. 15 shows the velocity vs time, while Fig. 16 shows the effective drag coefficient.
We use the axial x-velocity to estimate the drag coefficient. It is observed that due to tumbling the effective drag coefficient increases dramatically. Before the tumbling, the drag coefficient is around 0.5 or lower. It is notable that the rate of tumbling differs between the solvers. Figs. 17 and 18 show the APM2 core penetration into sand simulated by Autodyn and Impetus Afea Solver respectively. We observe that only in Impetus Afea Solver does the projectile tumble 360°. Fig. 16 . The effective drag coefficient in x-direction for a 7.62 mm APM2 core penetrating into sand. Impact velocity is 917 m/s. Fig. 17. 7 .62 mm APM2 core penetrating into sand. Impact velocity is 917 m/s (Autodyn). Times are 0.1 ms and 0.325 ms. Fig. 18. 7 .62 mm APM2 core penetrating into sand. Impact velocity is 917 m/s (Impetus Afea Solver). Times are 0.1 ms, 0.18 ms, 0.38 ms, and 0.48 ms.
25 mm APEX projectiles
A 25 mm projectile is shot into sand at the impact velocity of 589 m/s, and the impact angles are 25°and 12.5°. The density of the sand is 1.67 g/cm 3 . In the Autodyn simulation the sand bed size is 50 cm long, 15 cm deep and 4.5 cm wide (half symmetry). The SPH particle size is 1.5 mm. Fig. 19 shows the Autodyn simulation and Fig. 20 shows high speed camera pictures. Examination after recovery shows that the projectile is slightly deformed in the nose tip and this is not accounted for by the rigid model that we use. The experimental exit velocity of the sand is 111 m/s, while the simulated exit velocity is 154 m/s. The depth of the cavity was measured to be around 10 cm, which agrees with the maximum depth of the projectile simulated to be 12 cm. According to the camera recordings the projectile is into the sand during a length (measured along the sand bed) of 44 cm, which agrees well with the Autodyn simulation of 41 cm. By comparing Figs. 19 and 20 we see that the projectile in the Autodyn simulation exits the sand bed too early since the exit time should have been 3.7 ms and not 1.84 ms as simulated. Fig. 21 shows the Impetus Afea solver solution which shows results much equal to Autodyn. 5 million particles are used in the Impetus Afea Solver. The length of the bed is 60 cm. The depth is 20 cm, and the width is 5 cm. Fig. 22 shows the results for the impact angle of 12.5°. The simulated results are shown in Fig. 23 . The measured exit velocity is 440 m/s while the simulated exit velocity is 408 m/s. Figs. 22 and 23 show good agreement for all times.
The CPU time is around 24 hours for the Autodyn simulation, but the Impetus Afea Solver simulation only use 1 hour due to the use of the graphic card on the computer. A very important reduction that means that ricochet simulations with elastic plastic deformation of the projectile is feasible. 
Conclusions and discussion
We have examined the ricochet and penetration behavior in sand and gelatin by steel spheres, 7.62 APM2, and 25 mm projectiles. The Autodyn simulation code with the SPH method, and the Impetus Afea Solver simulation code with the corpuscular model are used and the results are compared with experimental and analytical results. The resistance force in sand for spheres was found to proportional to a quadratic term in velocity plus a linear term in velocity. The drag coefficient for the quadratic resistance force was 0.65. The Autodyn and Impetus Afea Solver codes simulate too large penetration. We suggest that the reason is lack of a linear velocity resistance force.
Critical ricochet angles were consistent with analytical results in the literature. In ballistic gelatin we study the penetration behavior in the velocity range of 100-850 m/s. A drag coefficient of 0.30 fits the high speed camera recordings if a linear velocity resistance term is added. However, only a quadratic velocity resistance force with drag coefficient that varies with the Reynolds number also fits to the measurements. The viscosity in gelatin is much higher than in water and a good estimate of the viscosity of gelatin is important due to the low Reynolds number numbers that gives Reynolds number dependency in the drag coefficient. The 7.62 mm APM2 core simulations in sand fit reasonable well for both codes. The tumbling rate essentially determines the penetration distance and linear velocity resistance forces seem less important. The simulation of a sphere in water with Autodyn and SPH showed too large drag coefficient. We believe that a turbulence model is needed to simulate the correct drag. The 25 mm projectile ricochet simulations show consistency with the high speed camera recordings although discrepancies were observed. Computer time was reduced by one to two orders of magnitudes when applying the Impetus Afea Solver compared to Autodyn code due to the use of the graphic card on the computer.
Our thorough literature survey, combined with the advanced numerical modeling using different types of solvers gives new insight to the mechanisms and the quite complex problem of penetration and ricochet in multi-phase media such as sand as well as more homogeneous targets such as water and gelatin. Some confirming experiments were also made, and literature values were also used for comparison with the analytical and numerical results. It was interesting to see how the common Autodyn model performs relative to the more modern and higher order accurate Impetus Afea Solver one, and especially how the computational performance of the latter appears to be much more efficient on the computer.
We believe that the observed discrepancies between simulation results and experimental results are due to the mathematical models as such. The current continuum and corpuscular models in the literature for sand and gelatin needs more validation and probably also further development. The significant reduction in computer time when applying the Impetus Afea Solver, may in further studies, reveal the influence of projectile deformation and varying impact velocities during a lager range of impact angles. This brings the problem treated to a higher level. . , η s = 0 008 . . R is the particle size.
